Introduction
The cure rate for childhood acute lymphoblastic leukemia (ALL) after first-line therapy approaches 80-85%. 1 To further improve prognosis, extensive personalization of therapy based on extensive targeted genetic analyses will be required. 2 The overall goal is to avoid unnecessary adverse and life-threatening toxicities, unacceptable late effects due to overtreatment and risk of relapse due to undertreatment. 3, 4 Several studies have indicated that for patients with the most favorable genetic variants, event-free survival may be more than 90%. 5, 6 High-throughput technologies in combination with imputing allow genome-wide mapping of genetic variants that subsequently can be associated with treatment failures or specific toxicities. 7 In addition to the genes and single-nucleotide polymorphisms (SNPs) already known to be involved in drug disposition or specific toxicities (for example, thrombosis, osteopenia or immune function), such genome-wide variation studies (GWAS, genome-wide association study) are likely to reveal important variations in genes not previously linked to the biological issue in question. However, extensive research including clinical trials will subsequently be needed before this new information can be implemented in childhood ALL treatment protocols. Furthermore, the impact of the genetic variations can often only be fully understood within the frame of a specific treatment protocol. 2 Finally, current commercially available solutions for GWAS for hypothesis-driven genetic investigations are not easily applied clinically, as the techniques and commercial platforms are either designed to explore random variations across the genome that rarely cover all variations of interest for a specific study, or the costs of custom-made approaches are too high for implementation in clinical settings. We here describe a novel multiplexing method enabling us to screen childhood ALL patients for B25 000 clinically relevant SNPs simultaneously, targeted by custom-designed baits. Furthermore, eight childhood ALL samples are pooled together before capture enrichment, making this a very cost-effective platform, allowing future targeted genetic mapping of large cohorts of patients. The choice of pooling 8 patient samples was based on results from a pilot study, where we pooled and sequenced 4, 6 and 12 test samples, respectively, labeled with different barcodes.
Materials and methods

Samples
A total of 48 samples from Danish childhood ALL patients (aged between 1 and 15 years at the time of diagnosis) diagnosed with B-cell precursor or T-lineage ALL and enrolled in the Nordic Society for Pediatric Hematology and Oncology (NOPHO) ALL-2000 protocol were included. For the pilot study, four human DNA and two HapMap DNA test samples were used in different combinations (Supplementary Table 1 
SNP selection and bait design
SNPs were selected to cover all known and putative clinically relevant variations with regard to childhood ALL treatment ( Figure 1 ). First, a list of clinically relevant genes and SNPs was curated, and their influence (known and suspected) in terms of effect on metabolism, transport or drug targets interactions for the 13 most administered chemotherapeutic drugs and their clinical consequences in childhood ALL were evaluated. 2 To extend the list of genes/proteins connected to these drugs, drugprotein associations from different sources such as DrugBank (version 2008) 8 and PharmGKB (version 2008) 9 were gathered. The resulting protein drug targets (from binding data), metabolizing enzymes and drug transporters were integrated into the previous list.
The list of clinically relevant genes and SNPs was further expanded by including their known first-order protein-protein interaction partners using a high-confidence human interactome and other genes participating in the same pathways. 10 This approach allows for investigating complex effects, where several SNPs (potentially in different genes) could exert the same effect through a common mechanism, for example, affecting the same pathway. A list of 969 genes was generated and all genomic variations associated with those genes were extracted using the Ensembl API version 57 (Ensembl, EBI and WTSI, Hinxton, UK) based on the Single Nucleotide Polymorphism Database (dbSNP) 130. SNPs with potential functional impact on the genes of interest were chosen by selecting SNPs resulting in amino-acid changes or frameshifts, SNPs in annotated regulatory regions, variations affecting a stop codon or a splice site, as well as variations within non-coding genes and within mature microRNAs. Furthermore, the list was expanded by including SNPs, which could potentially disrupt predicted microRNA target sites of the listed genes found in Patrocles database.
11
Baits for the SureSelect Target Enrichment System were designed for all identified SNPs. Each variation was targeted by two baits with a 50% overlap, where the variation was positioned exactly in the middle of the overlap region (Supplementary Figure 1) . The physical and cross-hybridization properties of the baits were explored using the oligonucleotide design software OligoWiz 12 and sequence-matching tools Figure 1 SNP selection and bait design. The list of curated genes and drug targets was expanded with the systems biology approach, and known SNPs in these genes were selected with potential functional significance. The baits targeting selected SNPs were designed to minimize the extent of cross-hybridization and self-folding of the baits, as well as extreme levels of GC content.
Multiplexing before capture in childhood ALL A Wesolowska et al BLAST 13 and SeqMap. 14 The extent of baits prone to crosshybridization, self-folding, extreme levels of GC content or baits targeting highly variable regions, which could decrease specificity or efficiency of the baits, was limited to a minimum. However, some potentially problematic baits were still included in the design because of the clinical importance of their target region (Supplementary Figure 2) . To exploit the whole capacity of the method and to probe for key deletions, additional baits were designed tiling all the exons of ETV6, MTAP and OPRM1, and the entire genomic regions of CDKN2A, GSTM1 and GSTT1, allowing full sequencing of these genes of particular importance in childhood ALL. The baits tiling the genomic regions of the drug-metabolizing genes GSTM1 and GSTT1 were used to detect the deletion state of those genes. To estimate copy number, a depth ratio was calculated from the number of reads in the targeted genomic region normalized by size of the region and total number of reads for the sample. The final design included baits targeting 25 602 clinically relevant SNPs, as well as 1200 baits targeting the exons or the genomic regions of the above-mentioned genes, with specific impact on the treatment outcome in childhood ALL (Figure 1 ).
Barcodes
In the pilot study, 12 different barcodes (Supplementary  Table 2 ), with the last base being a thymidine (T) necessary for ligation to chromosomal DNA fragments with a 3 0 adenosine (A) overhang, were tested. These four base barcodes in combination with 75 nt sequencing reads render high quality, unambiguously mapped reads, while using only 5% of the read length for sample identification.
Data analysis
The high-quality reads obtained from sequencing were aligned to the NCBI37 reference human genome (version GRCh37) using the Burrows-Wheeler Alignment Tool. 15 The alignment was refined by means of quality score recalibration and around indel realignment using Genome Analysis ToolKit package. 16 SNP calling was performed with SAMtools package 17 using default settings. The threshold set for SNP calling was minimum 10x sequencing depth; however, 4x was also accepted as a threshold for high-priority SNPs when 10x depth was not available. The data was further analyzed with help of SAMtools and BEDtools 18 packages and custom-written Perl scripts.
Results
Pilot study
The applied baits from the SureSelect Human X Chromosome Demo Kit were designed to capture 85% of the human X chromosome exons, tiling exons with a 50% overlap between consecutive baits. In an attempt to reflect the application of this method to custom-genotyping purposes, the performance was assessed on a set of target positions defined as base pairs positioned exactly in the middle of the 50% overlap region of two consecutive baits (Supplementary Figure 1) . The average sequence depth achieved with this approach is higher and more uniform in the immediate surrounding of the target position when compared with placing the target position in the middle of a single bait.
The results of the pilot study showed that average sequence depth decreases with an increasing number of pooled samples; however, the distribution of reads is well balanced and sufficient for genotyping even with 12 pooled samples (Supplementary Figure 3) . Each sample had between 55 and 65% sequencing reads mapped to the targeted regions and between 65 and 75% of the reads mapped to targeted regions plus/minus 100 bp of target (Supplementary Figure 4) , indicating that sample competition during hybridization was not an issue. An average depth of at least 10x was achieved for B88% of the target positions, with a standard deviation of 10% when pooling 12 samples (Supplementary Figure 5) . Increased pooling affected the number of detected target positions. However, depending on the desired depth of sequence reads and required target size (number of SNPs for genotyping studies), the amount of pooling can be adjusted appropriately. Genotyping using depths from 4x to 12x has recently been tried 19, 20 and consensus for 10x SNP calling is relatively high, while mapping against a known reference genome such as the human.
SNP calls from the targeted sequencing approach were compared with genotype calls using in-house Affymetrix Genome-Wide Human SNP Array 6.0 (Affymetrix, Santa Clara, CA, USA) and public HapMap data. The comparison was restricted to all probes on the array matching SNP calls within targeted regions from the sequencing kit. The accuracy of the multiplexed targeted sequencing approach was assessed on 12-pooled samples based on concordance for sequencing and array-based genotype calls. SNP calls with the coverage depths of 4x, 10x and 20x were compared with the SNP calls obtained from the array, and the percent concordance for each sample was calculated as the percent of calls that were the same for each depth (Supplementary Figure 6) . As expected, the number of compared SNPs decreased with increasing depth required; however, it did not affect the concordance rates significantly. In this study, calling SNPs at 4x depth appeared acceptable when 10x depth was not available. All samples achieved concordance well above 95% at 10x coverage depth (the same holds for 4x coverage, with an exception of the CGCT labeled sample). Examining regions that had 20x or better sequence depth, 9 out of the 12 samples were 100% concordant; however, the number of SNPs decreased by B38% because of minimum sequencing depth requirement (20x) as compared with 10x coverage depth.
Childhood ALL samples
Sequencing of the 48 samples generated a total of 39 Gb of data in FASTQ format and 32 Gb passed the default Illumina quality filter. Out of those, 23.2 Gb were uniquely mapped to the reference genome (Table 1) . On average, 53% (sd of 9%) of the high-quality sequencing reads were mapped to the target regions, which shows that the distribution of reads was relatively balanced. In addition, on average, 94% of the targeted SNPs were covered at least with one sequencing read for each sample, and B73% of those SNPs achieved at least 10x sequencing depth. The average sequence coverage for the covered variations from the list of targeted SNPs was 23x across all samples. The average depth coverage for the targeted exons of ETV6, MTAP and OPRM1 genes was 32x, whereas the average coverage for the genomic region of CDKN2A gene was 31x. Average depth coverage for GSTs could not be estimated, as it varies with the deletion state of the genes.
Bait design
The performance of capturing baits depends on their physical and cross-hybridizational properties (Supplementary Figure 2) . Baits used in the design were explored using the OligoWiz program for their probability of self-folding and cross-hybridiza-tion for the presence of low-complexity regions and their GC content. All the tested parameters seem to influence bait performance; therefore, these properties should be taken into consideration during bait design. If required, higher depths for regions of particular interest can be obtained by targeting them with higher numbers of overlapping baits. In this study, for a list of high-priority SNPs with known significant impact on the treatment outcome in childhood ALL, 2 four different baits (instead of two) have been designed for each SNP. The obtained average coverage for those was 35x, as compared with the average coverage of 23x for the whole list of SNPs. Special care must be taken when targeting regions on a human mitochondrial genome, as these DNA fragments are overrepresented in a genomic DNA sample. Mitochondrial regions will attract significantly more reads, and might therefore dominate the sequencing results. In our study, 66 baits targeting regions on the mitochondrial genome were included, achieving an average depth of 4350x and the reads corresponding to those constituted 15% of all the mapped sequencing reads.
Genotype validation
Genotype data from the 48 childhood ALL samples on seven SNPs and two gene deletions were used for validation of the sequencing results (Table 2 ). Patients were previously genotyped for CYP3A5*3 6986A4G (rs776746), RFC1 80G4A (rs1051266), TPMT*3B 460G4A (rs1800460), TPMT*3C 719A4G (rs1142345), MTHFR 677C4T (rs1801133) and MTHFR 1298A4C (rs1801131) by allelic discrimination 5, 6 (and unpublished data). GSTP1 313A4G (rs1695), GSTM1 and GSTT1 deletions were genotyped by multiplexing PCR, which simultaneously detects GSTT1 and GSTM1 gene copy number and GSTP1 313A4G. 21 Based on the calculated coverage depth ratio for the genomic regions of GSTM1 and GSTT1, it was possible to distinguish three distinct clusters corresponding to homozygous deletions, heterozygous deletions and the wild type (Figure 2) . Concordance for the seven SNPs was between 91 and 100%, and 100% for the two gene deletions ( Table 2) .
Discussion
In recent years, clinically important genetic variations have been thoroughly investigated in childhood ALL. 2 Even though minimal residual disease monitoring 22 and extensive toxicity scoring have been established in some treatment protocols, 1 still very few groups include genetic variations in their treatment strategies. 6 This primarily reflects the lack of extensive targeted analyses of genetic variants and the costs associated with such analyses. Multiplexing before capture, target enrichment and sequencing allows screening of B25 000 custom-selected SNPs simultaneously and could therefore be a solution. As shown in the pilot study, pooling of 4-12 samples in a single lane of an Illumina GAIIx with 75 nt single-ended reads is sufficient to generate 10-20x sequence depth over more than 80% of the target region per sample (Supplementary Figure 3) . If a 10-20% drop in coverage (or target size) is allowed, pooling 6 or 12 samples can easily be achieved. Pooling of up to 12 samples showed relatively balanced results, but larger dispersion at higher depth. To reduce this variation, we hypothesized that in case of pooling 8-10 samples, an average sequence depth of 10x for B80% of the intended regions could be expected. The amount of pooling was therefore adjusted to eight samples at a time because of the large size of the desired target and need for high sequence depth. The next-generation sequencing technology is rapidly evolving; hence, in future studies, it will be possible to either pool more samples or obtain higher coverage. It was observed in different sequencing runs that not all barcodes performed equally well. For example, we found that barcode CGCT had a lower performance compared with the rest (Supplementary Table 1 , Supplementary Figures 5 and 6 ). This could be inherent to the barcode itself, but also influenced by experimental variation (for example, small differences in the amount and quality of the different adapters and variation in library preparation). Additional studies exploring this and the individual barcodes could provide information to further improve the study design. Abbreviation: ALL, acute lymphoblastic leukemia. Of SNPs covered by at least one read.
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We here demonstrate that it is possible to reliably genotype childhood ALL patients for a large number of SNPs simultaneously using multiplexed target enrichment, followed by sequencing. Sequencing data for B94% of the targeted SNPs for each sample was obtained, and for 73% of those, the achieved coverage depth was sufficient for high-confidence genotype calling (at least 10x). In addition, this methodology is easy to adapt in a sequencing lab and has a low entry level (80-100 samples), thus allowing redesign of content during the course of large sample projects. In a single design, exon tiling can be combined with SNP or somatic-mutation detection, and we show here that copy number can be reliably inferred through sequencing. Whole-exome sequencing is gaining popularity among targeted sequencing efforts as a way to improve sequence depth and reduce cost compared with whole-genome sequencing, as exons span only B1.2% of the whole human genome. This is a valuable approach and it has recently been shown that some multiplexing (3-5 samples) can be accomplished. 24 However, when sequencing the exons only, many regions are missed that may have important biological functions such as transcriptional or translational regulation of the proteincoding sequences. Many studies indicate non-coding SNPs to be clinically relevant; therefore, it is crucial for pharmacogenetic studies to also investigate regions outside of the protein-coding parts of the genome. We demonstrate that a more targeted hypothesis-driven panel can be constructed, assayed reliably and at much lower costs than exome sequencing. Pooling of eight patient samples before capture reduces the costs of the capture library, hybridization reagents and, none the least, the costs of sequencing by eight times. Furthermore, the patients are genotyped for 25 000 targeted SNPs simultaneously, reducing the cost per SNP per patient even further compared with conventional methods.
The presented method for performing high-throughput, lowcost, customized genotyping will allow wider application of studying clinical impact of genomic variations. Immediate applications include validation of GWAS, assaying somatic mutations or a panel of SNPs such as in drug toxicology studies. Furthermore, the flexibility of the bait design enables researchers to adapt the SNP content as new knowledge emerges. Future applications of this method in upcoming childhood ALL studies will move us closer to pharmacogenetic-based personalization of therapy in childhood ALLFand possibly other cancers. Such studies are currently ongoing in the NOPHO Study Group.
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